Abstract. The spectral analysis of electrocardiogram (ECG) and blood pressure fluctuations is an important tool both in medical diagnostics and in theories that endeavour to account for the complex, feedbacked patterns of control mechanisms that regulate human circulation. In the case of ECG signals, the information is in the rate of heartbeats, which means that it is not the whole signal but only a so-called RR signal, containing the distances of beats, that serves as the basis of spectral processing. This RR signal is inherently discrete and unevenly sampled, which introduces a number of methodological problems: fast Fourier transformation (FFT) needs even sampling, and this means that some re-sampling (inserting new samples at equal distances) is necessary. In the case of blood pressure signals, the information is both in the amplitude itself and in the rate, consequently both an RR-like and a full recording-based treatment are usable here. In the present paper we review the different interpolation methods used in re-sampling, along with the Lomb periodogram that does not require re-sampling at all, and contrast the results they yield both for a model sine and for real signals. We also argue for a full recording-based treatment of blood pressure fluctuations, as they require no peak detection and thus avoid the artefacts that peak detection may cause.
INTRODUCTION
The analysis of neurocardiological signals and their fluctuations has long been established as an important tool of medical diagnostics. Apart from heart diseases, this tool may provide information on the functioning of many other organs. The signals most frequently measured and studied include the electrocardiogram (ECG), blood pressure, respiration rate and blood flow. These signals can now be treated using sampling techniques, which has opened up great possibilities for an efficient analysis of their fluctuations, making it feasible to use these as sources of information. Now we know that the analysis of heart rate fluctuations may warn of heart failure and other cardiac diseases, and may also help to cast light on the intricacies of the regulatory system that controls human circulation and respiration [1, 2, 3] .
Processing neurocardiological signals involves a number of methodological difficulties. At the heart of these problems lies the fact that we should like to map a net of very complex sensory and regulatory mechanisms, which are supposed to be continuous in time, solely on the basis of a signal which is inherently discrete and unevenly sampled, since it is based on heartbeats. This raises a number of difficult questions as one needs to clarify whether the long-standing methods which are of great use in other areas (such as FFT and re-sampling) are fully adequate here, and if not, what should replace them.
In what follows, we set out to explore the problems associated with the analysis of sampled ECG and blood pressuresignals and weigh the pros and cons of different resampling methods used here, along with their potential alternatives. We also recommend a method for the spectral analysis of blood pressure signals that is easier to use and less sensitive to artefacts than the techniques most widely used now.
RE-SAMPLING METHODS AND THEIR ALTERNATIVES IN THE SPECTRAL ANALYSIS OF ECG FLUCTUATIONS
When analysing ECG signals, one rarely takes the whole ECG voltage time series as the basis of examinations. It is more informative rather to concentrate on the distance between heartbeats; as the most prominent component of a heart cycle is the so-called R wave, the separation between successive R waves, the RR intervals, lends itself as an appropriate measure of heart rhythm (see Figure 1 ). An RR interval time series is a series of ordered pairs of time instances where R waves occur and the corresponding time intervals that separate them from previous R waves. A heart rate series is very similar, only it contains the reciprocals of RR intervals at the time instances corresponding to R waves. As heartbeats are somewhat irregular (in fact, the information they contain lies in their fluctuations, their very irregularity), RR intervals are inherently unevenly distanced (unevenly 'sampled,' so to speak, if we conceive of them as resulting from the sampling of a supposed continuous regulatory signal in the background). This uneven sampling poses no problem to time-domain analysis, which uses mainly statistical indices of the fluctuations of RR intervals, but if one wants to carry out spectral investigations to explore the rhythmic components of the control mechanisms behind heart rate, it introduces a number of difficulties. The most obvious option for spectral assessment would be FFT, but it is fully dependent on even sampling (equal distances between samples).
There have been several approaches established in neurocardiological practice to circumvent this problem. One way is to enable the use of FFT through re-sampling:
inserting new samples at equal distances. Here it is still variable how to render RR values to the newly inserted sampling instances: the options are interpolation (linear or spline) or zero padding (simply inserting zeros as new samples).
This approach has met considerable resistance: opponents have argued that resampling means the insertion of new heartbeats that have nothing to do with reality. In our view, this argument fails to take into account that after re-sampling, the data points are no longer connected to the literal meaning off RR intervals (the distance between successive R waves)-otherwise an equally sampled RR sequence would suggest perfectly regular heartbeats, which is, of course, not the case. It is more fruitful to conceive of this re-sampling as a simple calculation tool, as part of the assessment of the regulatory mechanisms controlling human circulation (see Figure 2) , wherein the lengthening of RR intervals indicates the dominance of inhibitory trends, and vice versa, and when we insert a new sample we simply evaluate the regulatory signal at an intermediate point on the basis of neighbouring points. The other major approach drops the idea of FFT completely and applies other spectral techniques that do not require even sampling. The most widespread of these is the Lomb periodogram, which is basically a Discrete Fourier Transform (DFT) made invariant to time rescaling [4, 5] . This makes re-sampling unnecessary, of course.
The major problem of assessing the adequacy and general applicability of these techniques lies in the fact that we do not know what the correct spectrum looks like (it is exactly this spectrum that we should like to obtain). So we applied a model signal whose spectrum we exactly know (a sine) and compared the results the different methods yield. We also examined whether these methods diverge significantly in the case of real RR signals. What we have found reinforced the view that there is no significant difference between the general performance of these methods, although they may differ in the degree of sensitivity to various artefacts (eg, small number of samples).
THE SPECTRAL ANALYSIS OF BLOOD PRESSURE FLUCTUATIONS
Apart from the ECG recordings, the continuous monitoring of blood pressure is also an important source of information both in diagnosis and in research aiming at exploring the intricate patterns of control mechanism that links heart rate to blood pressure and to respiration rate. Often ECG and blood pressure signals are recorded simultaneously. To conform to the treatment of ECG recordings, many researchers substitute the series of systolic blood pressure peaks (SBPs) for the whole blood pressure signal (see Figure  3) . This, of course, creates a discrete and unevenly sampled signal like RR, with the same methodological problems. Here we discuss the practical and theoretical concerns associated with this practice. First, one may argue that, in contrast to ECG signals, the information in blood pressure recordings lies not only in the rate of peaks, but in the totality of the signal with each instantaneous value taken into account. This suggests that the SBP-based treatment essentially means losing information. The problem seems less severe if one considers that a continuous blood pressure signal can be approximated as the convolution of the series of SBP peaks and a one-period blood pressure waveform. In the spectral domain, it means that the spectrum of the full blood pressure recording is approximately the product of the SBP series spectrum and the spectrum of a one-period waveform. The latter is approximately constant in the frequency range of interest (below 0.5 Hz), therefore the difference between the SBPbased and the full recording-based treatment is basically a constant multiplier here (see Figure 4) . So one may argue that it is more practical to take the whole blood pressure signal and Fourier transform it, regardless of theoretical considerations, as it requires no pre-processing (the recordings are evenly sampled) and consequently it avoids the artefacts that peak detection may introduce (missing or spurious peaks), while the spectrum it yields is essentially proportional to the SBP-based spectrum at the relevant frequencies (see Figure 5 ). 
UNSOLVED PROBLEMS
The area of the interdependent regulation systems that controls heart rate, blood pressure and respiration rate is still riddled with open questions. There has not been a comprehensive model established yet which would adequately account for the complex feedbacked interactions that link these bodily functions. Consequently, it is problematic to judge which of the established methods offers the most faithful description of the fluctuations that inform us about these regulatory mechanisms. It is also an open question whether the non-linear descriptors stemming from chaos theory, which are gaining hold in noise and fluctuation research, may be better measures, and if they are, whether their use can be introduced to practical diagnostics.
